ABSTRACT
Introduction
Processes within the lower crust of magmatic arcs along active continental margins are poorly known because this setting is currently inaccessible and is poorly exposed in the geological record. The associated magmatism often exhibits a chemical contribution from the continental crust and in consequence the possible involvement of subduction-related juvenile magmas cannot be confirmed. Two alternative processes may be involved. One is that the crustal component is incorporated into juvenile mantle-wedge derived basalts in the deep crust of the arc or at the crust-mantle transition (e.g., Hildreth and Moorbath, 1988 ) . Subsequent magmatic diversification takes mainly place in the deep lower crust of the arc, resulting in intermediate to acidic magmas that are emplaced in the middle to upper crust or extruded (e.g., Annen et al., 2006) . The main alternative involves direct partial melting of less depleted mantle or older crustal protoliths in the deep crust of the arc (e.g., Pankhurst et al., 2000; Chappell and White, 2001 ) . Identifying input of juvenile magmas at the root of the magmatic arc is thus important to the petrogenesis of subductionrelated magmatism (e.g., Ram Mohan et al., 2012; Straub and Zellmer, 2012 ) . We show that in the Ordovician Famatinian magmatic arc of
Geological setting
The Early Ordovician Famatinian arc along western South America ( Fig. 1) consists of intermediate to acid, 1-and S-type plutons and volcanic rocks (Pankhurst et al, 1998 (Pankhurst et al, , 2000 Dahlquist et al., 2008; Otamendi et al., 2009 Otamendi et al., , 2012 and has been unanimously related to subduction along the western margin of Gondwana between ca. 495 and 465 Ma (e.g., Chernicoff et al., 201 0) . The granitoids display a significant crustal isotopic signature (initial 87Srj86Sr mostly> 0.707; ENdt mostly <-4).
The Sierra de Valle H~rtil represents the outermost part of the Famatinian arc (Fig. 1) . It consists mainly of elongated bodies of gabbro, tonalite, granodiorite and granite (the Valle H~rtil plutonic suite, VFPS), largely concordant with foliation of the host rocks. Field relations suggest that gabbros are the oldest intrusive rocks with tonalites and granodiorites being slightly YOlll1ger. The host rocks are medium pressure upper amphibolite to granulite facies metasedimentary rocks (0.6±0.1 GPa, 800 ± 40 ' C; Otamendi et aI., 2008 ) , predominantly metapelitic sillimanite-garnet (± cordierite) migmatitic gneisses of middle to late Cambrian age (Casquet et al., 2011 ; Cristofolini et al., Las Chacras 2012 ) and minor metacarbonates and cale-silicate rocks of unknown age. Igneous petrology and U-Pb SHRIMP zircon dating of the igneous and metamorphic rocks were induded in Pankhurst et at. (2000 ) , and Baldo et al. (2001 ) , but more detailed studies of geology, igneous petrology, metamorphism and geochronology have since been published (Otamendi et al., 2008; Gallien et al, 2009; Otamendi et al, 2009; Duce. et aI., 2010; Otamendi et aI., 2012 ) . Magmatism and metamorphism here took place within a narrow time span at ca. 470 Ma (Ducea et aI., 2010; Casquet et aI., 2011 ) . Otamendi et al. (2012 ) have recently proposed that the Famatinian plutonic rocks of the Sierra de Valle H~rtil originated by crustal melting and hybridisation with more primitive magmas derived from the subduction mantle wedge. Lama de Las Chacras is a small circular outcrop of metamorphic rocks tectonically separated from the rest of the Sierra de Valle H~rtil by a Cenozoic fault that reactivated older ones (Fig. 1) . A core offelsic kyanitegarnet migmatitic gneisses and garnet amphibolites (Vujovkh et al., 1994; Baldo et al., 2001 ) is separated by a low-angle extensional detachment from overlying low-grade garnet schists and quartzites. The amphibolites represent swarms of former dykes, some several metres thick, transposed into parallelism with the foliation of the host migmatite and often folded with axial planes parallel to main foliation. Vujovich et al.
(1 994) argued on geochemical grounds that their probable tectonic setting was an island arc or attenuated crust 3. Petrography and P-T conditions of metamorphism Migmatitic gneisses at Lama de Las Chacras are layered (stromatites). Representative sample SVF-707 was chosen for thermobarometry (see Table 1 ). Leucosomes contain K-feldspar (Or82) quartz and plagioclase (An 17 _ 30 ); there are smaller amounts of biotite (Xr.t g = 0.58), garnet (Alm62' Py20> Grs6.S, SpS6), kyanite and euhedral zircon, apatite and tourmaline. The melanosome consists ofbiotite (X Mg = 0.61), kyanite, garnet, magnetitejilmenite ± quartz ± plagioclase (An2S). Late muscovite is recognised. Garnet porphyroblasts in the melanosome are compositionally zoned with increasing Fe, Mg, and Ca towards the rim and decreasing Mn and FejFe+Mg ratio (core: FejFe + Mg=0.75, Grs=0.8, Sps=19; rim: FejFe+Mg=0.73 Grs=5.6, Sps=7.3) , suggesting that growth took place with increasing temperature and pressure. High-P upper amphibolite fades peak conditions of 1.2 ± 0.1 GPa and 780 ± 45 cC were obtained from the garnet rim composition and groundmass plagioclase and biotite, using Thermocale in the PT -average mode (Powell et al., 1998 ) . These conditions are indicative of a medium TjP ratio metamorphism close to Barrovian. The garnet amphibolites consist ofpargasitic hornblende (Xr.t g = 0.6, Si= 6.4), garnet (Gr30_36, AlIl46-48), plagioclase (An 20 _ 23 ), quartz, epidote (PS ll _ 14 ) and titanite, with garnet porphyroblasts up to several centimetres. Titanite shows up to 1.4% Al 2 0 3 . 4. U-Pb SHRIMP geochronology U-Pb SHRIMP zircon geochronology was carried out on a high-grade garnet-kyanite migmatitic gneiss (SVF-709) from Loma de Las Chacras, using SHRIMP I (17 spots) and SHRIMP II (9 spots) at the Research School of Earth Sciences, The Australian National University, Canberra, Australia (see Table 2 ). Many of the zircon grains are detrital prismatic igneous zircon with oscillatory zoning ( Fig. 2A) 2. Error in AS3 reference zircon calibration was 0.22% and 0.29% for the analytical sessions. (not included in above errors but required when comparing 206PbP 38 U data from different mounts). 3. f 206 % denotes the percentage of 206Pb that is common Pb. 4. For areas older than -800 Ma correction for common Pb made using the measured 204PbP 06 Pb ratio. 5. For areas younger than -800 Ma correction for common Pb made using the measured 23BUP06Pb and 207PbP 06 Pb ratios following Tera and Wasserburg (1972) as outlined in Williams (1 998 ). 6. For % Disc. 0% denotes a concordant analysis. 7. Spot numbers in italics were analysed on SHRIMP I. the remainder on SHRIMP II. 8. Data processed using SQUID (Ludwig. 2003) value is rejected, the remaining 7 have a weighted average of 468 ± 2 Ma (MSWD = 0.45 ) (Fig. 2B) . Thus the age of metamorphism is indistinguishable from the youngest detrital zircon ages, between them bracketing the age of the sedimentary protolith at 468 ± 3 Ma. This signifies that sedimentation was essentially contemporaneous with the peak of Famatinian magmatism and that burial to low crustal depths and metamorphism took place soon after sedimentation. It is also implied that emplacement of the garnet amphibolite dykes took place within this same time interval. Older zircon ages are too few to precisely characterize the detrital pattern, but at least two groups are recognised: 570-655 Ma (n=4) and 1050-1370 Ma (n=8), with a single grain at 1650 Ma.
Geochemistry
Our database of chemical analyses of (meta-) igneous and metasedimentary rocks from the Sierra de Valle H~rtil and Las Chacras consists of 84 new analyses and five from Pankhurst et al. (2000) ; 26 selected analyses are given in Table 3 . New Nd and Sr isotope data for 29 similarly representative samples are given in Table 4 .
The amphibolites from Sierra de Valle H~rtil and Las Chacras (n= 8) have silica and alumina contents in the typical range of basalt and basaltic andesite (Si0 2 =48-54%; Ab03 = 12.0-15.5%). They are subalkaline (Na20 + K 2 0= 1.7-3.8%) with variable molar Mg-number (45-72). They have flat REE patterns (Ll;Yb cn = 1-3 ) and little or no negative Eu anomalies (EujEu'" = 1.0-0.8), suggesting weak feldspar fractionation. Relative to N-MORE (Fig. 3A) , they show enrichment of large ion lithophile elements (Cs, Rb, Ba, K), Ba/La = 16-37 and Nb depletion, all of which are characteristic features of primitive subduction-related basic rocks.
The amphibolite compositions can be distinguished from those of the voluminous igneous rocks of the VFPS, which show a marked silica gap at 59-63% Si0 2 ( Fig. 3B and D) . Although there is overlap with the gabbros and diorites of the VFPS in terms of silica and trace elements, many of the gabbros are opx-cpx±ol varieties, with lower silica (Si0 2 =40-47%) and higher alumina (Al 2 0 3 = 15.4-26.5%), indicating their essentially cumulate nature, as suggested by Otamendi et al. (2009) . However, the Lls Chacras amphibolites have a depleted-source Nd isotopic signature: three samples have positive ENd t ranging from + 1.8 to +4.8, with one at -0.1 which is very close to the chondritic reservoir value. These values contrast sharply with the more evolved character of the VFPS (negative ENd t of -1.9 to -5.5; Table 4), although it should be noted that Otamendi et al. (2012) reported a value of +0.9 for a single sample of two-pyroxene gabbro. MORE sources have present-day 143Nd/144Nd ratios in the range 0.5130-0.5132; assuming a mean 147Smjl44Nd ratio of 0.222, the ENdt values of an Ordovician MORE-type mantle source would have been in the range + 5.5 to + 9.5 (Fig. 3D) . Thus even the most radiogenic amphibolite, with an ENdtof + 4.7 cannot have been derived directly from a MORE-type source. The Nd isotopic compositions of the amphibolites therefore reflect either a degree of austal contamination (albeit much less than shown by the VFPS), or they were derived from a less depleted source. Present-day ENd values for modem primitive arc basalts based on the average compositions given by Kelemen et al. (2005) for oceanic and continental varieties are approximately +6.7 and + 5.5 respectively; the equivalent Ordovician mantle sources, assuming continuous isotopic evolution following mantle fractionation at about 2800 Ma, would be roughly +5.5 and +4.5 (see Fig. 3D ). Initial 87Sr/86Sr ratios of the amphibolites (0.7054-0.7080) are mostly lower than in the gabbros and diorites of the VFPS (0.7072-0.7113, discOllllting unreliable values for two samples with high Rb/Sr ratios), but higher than in recent arc-related basalts (Kelemen et al., 2005 ) (Fig. 3C) , and clearly indicate contamination with radiogenic Sr, probably due to the mobility ofSr during the high-grade metamorphism that affected the basaltic protoliths. We assume that the igneous protoliths of the amphibolites would have plotted farther to the left in Fig. 3C , i.e., entirely within the depleted mantle field. The ENd t and initial 87Srl6Sr values for basic and acid rocks of the VFPS are essentially invariant, with Nd model ages (TDM"', after DePaolo et al., 1991 ) ranging from 1.3 to 1.5 Ca compared to < 1.2 Ca for the amphibolites (see Table 4 ). The isotopic signatures of the paragneisses and migmatites are rather more evolved still (ENd t =-4.6 to -7.1, initial 87Sr/86Sr=0.717 to 0.730), although in terms of major element composition they fall between the basic and 
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the add components of the VFPS (Fig. 3D) ; theirTDM* model ages are 1.6 to 1.7 Ga.
Discussion and conclusions
Evidence from U-Pb SHRIMP detrital zircon dating of high-grade gneisses from Las Chacras suggests that the sedimentary protoliths were deposited essentially coevally with Famatinian magmatism at ca. 468 ± 3 Ma and that they were buried and metamorphosed at high pressure (ca. 1.2 GPa) and high temperature (ca. 780 cC) soon after sedimentation. The structural position of the Las Chacras highgrade core relative to the Valle H~rtil igneous-metamorphic belt suggests that burial took place outboard of the magmatic arc and that these metasediments underplated the arc. No eclogite or blue-schist fades rocks have been recognised. A medium TIP gradient metamorphism at Las Chacras contrasts with the low TIP conditions typical of subduction zones, suggesting that heat from the nearby hot lower crust of the magmatic arc may have played a role during underthrusting. Subduction of the Las Chacras sediments was comparatively slow to allow for thermal relaxation at depth. In fact, the P-T evolution inferred from garnet zoning in kyanite-garnet gneisses suggests that significant heating took place during subduction, at the same time as ductile thrust-related foliation developed. On the other hand, preservation of garnet zoning in spite of the high temperatures attained implies that rocks were exhumed after subduction on a time-scale less than typical for Barrovian regional metamorphism, i.e., probably less than 10 Ma. In fact, garnet homogenization takes place at temperatures over 650 cC (Tracy, 1982 ) over a time period of ca. 12-18 Ma which is now thought to be the duration of classical Barrovian metamorphism in the Grampians (Viete et al., 2011 , and references therein) .
Cases of magmatic arc underplating by forearc sediments along a relatively high TjP geotherrn have been recorded from other palaeo-active margins. Such is the case of the Swakane gneiss in the North Cascades metamorphic core (Matzel and Bowring, 2004) . The sedimentary protolith to the gneiss was deposited in a forearc or back-arc basin in the Late Cretaceous and deeply buried to depths equivalent to 0.9-1.2 GPa at temperatures of 640-740 cc, i.e., Barrovian conditions, within 5 Ma of deposition. Ducea et al. (2009) deposited at an accretionary wedge, led to underplating of the crustal section of the magmatic arc exposed in the juxtaposed Salinian block of the Monterey terrane following a hotter than typical subduction path.
The canonical interpretation of the Early to Mid-Ordovidan evolution of this segment of the Famatinian belt involves the approach and collision with the Gondwana margin, of a Laurentia-derived exotic terrane, i.e., the Precordillera terrane -or the Cuyania composite terrane- (Ramos et al., 1986; Astini et al, 1995; Thomas and Astini, 2003 ) (for a review of the Cuyania composite terrane see Ramos, 2(04) . The Precordillera terrane consists of an Early Cambrian to early MidOrdovidan carbonate platform (the Argentine Precordillera) and a late-Mesoproterozoic, i.e., Grenvillian 5.1., and Neoproterozoic basement that crops out in the Sierra de Pie de Palo and elsewhere (casquet et al., 2001 ) (Fig. 1) . In this interpretation, the eastern boundary of the Precordillera terrane lies between the Sierra de Pie de Palo and the Sierra de Valle H~rtil (Fig. 1) and accordingly the Las Chacras high-grade metamorphic core could correspond to a subducted frontal accretionary wedge as suggested by Thomas and Astini (2003 ) . Collision of the PrecordillerajCuyania terrane with the Gondwana margin was dated at ca. 460 Ma by casquet et al. (2001 ) on geochronological evidence from metamorphism in a Famatinian ductile thrust zone in the Sierra de Pie de Palo. 
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As an alternative view, the Las Chacras metasedimentary rocks may have been laid down in a forearc basin far from the leading edge of the overriding plate. This interpretation is supported by the following: higher pressure and lower temperature values than those of the Las Chacras gneisses have been reported for the Famatinian metamorphism in the Sierra de Pie de Palo (Casquet et al., 2001 ; Mulcahy et al., 2011 ) . Blueschist fades conditions have even been recorded from near the Pirquitas thrust zone on the western slope of the Sierra de Pie de PaiD (Fig. 1) suggesting that the main subduction zone laid to the west. Accordingly a forearc basement probably existed between the Las Chacras basin and the continental edge, probably represented by the structurally higher part of the Sierra de Pie de Palo (casquet et al., 2001 ) . The latter was buried to depths greater than the Las Chacras gneisses in the overriding plate during Alpine-style collision (van Staal et al., 2011 ) and later exhumed (Mulcahy et al., 2011 ) . Moreover, subductionrelated magmatism represented by the Las Chacras amphibolites suggests that the mantle wedge source of the parent magmas laid beneath the sedimentary basin, as is typical of subduction zone magmatism triggered by fluids derived from the subducting slab at depths of ca. 90 km under the arc (e.g., Zhao, 2001 ), implying that the basin was on the upper plate. Inferring sources from the zircon inheritance ofSVF-709 is hindered by the small number of grains available, which may be not fully representative. However, the partial detrital zircon age pattern (Fig. 2C) shows similarities with those of the Sierra de Valle H~rtil migmatites that host the VFPS (Casquet et al., 2011; Cristofolini et al., 2012 ) . The migmatite protolithswere laid down in the Middle to Late Cambrian before the onset of the Famatinian orogeny and contain a population of Early Cambrian, Neoproterozoic and Mesoproterozoic zircon grains. This evidence, along with the presence in SVF-709 of a population of detrital igneous zircons derived from Famatinian igneous rocks, suggests that provenance of zircon grains to the forearc basin was from the east, i.e., from the erosion of the VFPS and its host Middle to Late Cambrian sedimentary rocks. Remarkably, however, zircons with early Cambrian "Pampean" ages between 530 and 510 Ma that constitute the main population in metasedimentary rocks of the SVF (Cristofolini et al., 2012 ) are not so far recorded in SVF-709.
Burial of forearc basins under the magmatic arc has been reported from collisional zones, such as the Taiwan orogen (Malavieille and TruUenque, 2009) or the Banda arc-NW Australia collision orogen (5tandley and Harris, 2009). In the latter case metamorphism of the buried forearc sequences (Banda forearc) attained amphibolite facies conditions of up to 1.0 GPa and 680 cC (Standley and Harris, 2009 ) , much in line with those found at Las Chacras.
The magmas from which the garnet amphibolites were ultimately derived must have been injected at some moment during burial in the sedimentary basin or during subsequent underthrusting. They were arc-related basalts and basaltic andesites with juvenile isotopic characteristics, variable but mostly low Cr (8.7-1000 ppm) and MgO (5.3-14.9%) contents and Mg-number (45-72), as well as a weak negative Eu anomaly in three samples (Fig. 3A) , the latter suggesting some early fractionation before intrusion. Their juvenile signature is very unusual for basic rocks associated with Famatinian magmatism, which generally show more evolved Nd and Sr isotopic characteristics (Pankhurst et al., 1998 (Pankhurst et al., , 2000 , and we conclude that juvenile material was thus injected into buried sediments outboard of the magmatic arc.
There is no conclusive evidence however for the processes that led to generation and diversification of the VFPS magmas. Conventionally, these magmas may have been generated from a (lithospheric) enriched mantle source different from that of the amphibolites. However the possibility that they resulted from contamination of juvenile magmas in the lower crust of the arc by granitic melts derived from host metamorphic rocks (Otamendi et al., 2009; Ducea et al., 2010; Otamendi et al., 2012 ) is a feasible alternative. Such mixing would be consistent with the trend in the ENd t vs. initial 87Srj86Sr plot (Fig. 3C) , although some melting of Mesoproterozoic igneous protoliths in the lower crustal section of the arc envisaged for Famatinian magmatism in general by Pankhurst et al. (2000) cannot be discounted.
The fact that the small outcrop of Las Chacras is the only place where rocks accreted to the lower crustal section of the Famatinian arc are exposed suggests that addition of juvenile material from the mantle might so far have been overlooked in the Early Ordovician evolution of the southwestern Gondwana margin, as all other exposures of the Famatinian belt in the Sierras Pampeanas represent middle to upper crust. 1009 are acknowledged. The work has greatly benefited from comments by Dr. Mihai Ducea and an anonymous reviewer.
